Melanocyte differentiation antigens, such as gp100, tyrosinase, and Melan-A and their corresponding antibodies HMB45, T311, and A103, are major diagnostic tools in surgical pathology. Little is known about tyrosinase-related protein 2 (TRP-2, or dopachrome tautomerase/DCT) another melanocyte differentiation antigen, which is an enzymatic component of melanogenesis.
INTRODUCTION
The formation of melanin pigment is a complex biological process commonly referred to as melanogenesis. Melanogenesis involves various cellular components most of which engage also in other functions, whereas some are restricted to melanin generation. 1 Those components that are restricted to melanogenesis are also called melanocyte differentiation antigens because they are solely expressed in cells and tumors of melanocytic lineage. 2 Melanocyte differentiation antigens exert biological functions, such as structural proteins (gp100, Melan-A), enzymes (tyrosinase), or transcription factors (MITF). 1 In surgical pathology, melanocyte differentiation antigens are commonly used for differential diagnosis and confirm or refute the presence of melanocytic lesions or melanocytic neoplasms. Consequently, serological reagents, such as monoclonal antibody (mAb) HMB45 to gp100, mAb A103 to Melan-A, and mAb T311 to tyrosinase, have become standard diagnostic tools in surgical pathology. [3] [4] [5] More recently, melanocyte differentiation antigens have become the center of interest in tumor immunology as targets for cancer treatment. In various clinical trials, antigens, such as gp100 and Melan-A, have served as targets for vaccine-based immunotherapeutic approaches in melanoma patients. [6] [7] [8] In this context, the exact knowledge about the expression pattern of these antigens is key.
Tyrosinase-related protein 2 (TRP-2) is another melanocyte differentiation antigen. Functionally, TRP-2 is a dopachrome tautomerase (DCT), modifying the structure and composition of melanin. [9] [10] [11] Different from tyrosinase, the absence of TRP-2 does not result in lack of pigmentation but rather modifies the color of pigmentation. Recent studies indicate a role of TRP-2 in the immunology of melanoma similar to other differentiation antigens. 12, 13 Although ample knowledge has been acquired in surgical pathology as well as in tumor immunology about the presence of gp100, Melan-A, tyrosinase, and MITF, little is known about TRP-2, especially its distribution pattern in melanomas and related tumors as well as its potential presence in other nonmelanocytic tissues and tumors. 14 In this study, we identified a monoclonal antibody to TRP-2, verified its specificity, and analyzed the expression pattern of TRP-2 in panels of normal and tumor tissues.
MATERIALS AND METHODS
To perform morphological analyses of pathological specimens and/or eligibility testing for clinical trial, a serological reagent suitable for the morphological analysis of archival pathologic material is mandatory. We identified clone C9, a commercial murine monoclonal antibody (mAb) (IgG2a; Santa Cruz Biotechnology, Santa Cruz, CA), according to the manufacturer suitable for the analysis of formalin-fixed paraffin-embedded tissue. To ascertain the actual properties and optimal conditions for using this novel reagent, we performed comprehensive analyses, including specificity analysis and immunohistochemical optimization procedures.
Various antigen retrieval procedures were tested and an optimal working dilution was established. To ensure immunopositive cells were melanocytes, C-9 immunostaining was compared in serial sections to HMB45 (DAKO, Carpinteria, CA) and anti-Melan-A mAb A103, previously generated by our group. 15, 16 The primary antibody was detected with a biotinylated horse-anti-mouse secondary (Vector Labs, Burlingame, CA), followed by an avidinbiotin complex tertiary (ABC Elite; Vector Labs). Diaminobenzidine (liquid DAB; Biogenex, San Ramon, CA) served as a chromogen; Gill's II hematoxylin was used for counterstaining. The same detection system was used for mAb HMB45 and mAb A103. To confirm specificity during immunohistochemical techniques, blocking experiments were performed by incubating mAb C-9 with TRP-2 protein preparations.
Enzyme-Linked Immunosorbent Assay
ELISA specificity analysis of mAb C-9 was performed using Escherichia coli-produced full-length protein preparations of melanoma differentiation antigens TRP-2, tyrosinase, and Melan-A. All proteins were coated on plates at 1 mg/mL. As control antibody, mAb A103, previously generated in our laboratory against Melan-A, was used. Both antibodies were titrated in 5-fold dilutions from 1000 to 8 ng/mL. As a secondary, an alkaline phosphatase-conjugated goatanti-mouse IgG antibody (Southern Biotech, Birmingham, AL) was used followed by development with Attophos fluorescence substrate system (Promega, Madison, WI). Antibody reactivity was measured by fluorescent intensity using a microplate reader (Synergy 2; BioTek, Winooski, VT) ( Fig. 2 ).
Quantitative Molecular Analysis of TRP-2
To evaluate the presence of TRP-2 on a molecular level, and to confirm the specificity of C-9, several melanoma cell lines were analyzed by quantitative RT-PCR. Cell lines SK-MEL-14, SK-MEL-19, SK-MEL-23, SK-MEL-26, SK-MEL-27, and SK-MEL-128, all previously generated in our institution, were retrieved from the MSKCC cell line repository. Total RNA was extracted with a commercial kit (RNeasy mini-kit; Qiagen, Valencia, CA), and reverse transcription was performed using a cDNA synthesis kit (Roche, Indianapolis, IN). For the quantitative gene expression analysis, 2 separate primer sets amplifying regions overspanning exons 1-2 (Taqman Hs00157244m1; Applied Biosystems, Foster City, CA) and exons 3-4 (Taq-manHs01095856m1) were used in a 7500 Fast Real Time PCR System (Applied Biosystems). Preparations of normal skin served as reference for TRP-2 RNA levels. Corresponding formalin-fixed paraffin-embedded pellets of the molecularly analyzed cell lines were immunohistochemically analyzed with mAb C-9.
Expression Analysis of TRP-2 in Normal Tissues and Tumors
After determining the specificity for TRP-2, several tissue panels were immunohistochemically analyzed with mAb C-9. The tissues comprised of various normal tissues consisting of all parenchymal organs, and several sets of melanocytic and nonmelanocytic tumors. Also, we analyzed compound nevi, malignant melanocytic lesions consisting of primary and metastatic cutaneous melanomas, mucosal melanomas from the anoreactal area, as well as desmoplastic melanomas. Furthermore, we studied a series of angiomyolipomas and a panel of malignant tumors unrelated to melanomas, such as breast cancer, non-small-cell lung cancer, and others.
In tumor sections, C-9 staining was graded based on the amount of immunopositive tumor cells as follows: negative: no staining; focal: staining in ,5%; +: staining in .5%-25%; ++: staining in .25%-50%; +++: staining in .50%-75%; ++++: staining in .75% of lesional cells.
RESULTS
Anti-TRP-2 murine monoclonal antibody clone C-9 (SC-744439; Santa Cruz Biotechnology) designated for the use on formalin-fixed paraffin-embedded material was obtained commercially. To confirm its suitability for immunohistochemistry, C-9 was tested on snap-frozen as well as standard archival formalin-fixed paraffin-embedded skin tissue. C-9 showed strong and consistent cytoplasmic immunolabeling of melanocytes ( Fig. 1) . The presence of C-9 immunoreactivity in melanocytes was confirmed by immunostaining of serial sections with mAbs HMB45 and A103. Optimal immunostaining with mAb C-9 was achieved at a concentration of 0.1 mg/mL. For the staining of paraffin sections, slides were subjected to a heatbased (998C, 30 minutes) antigen retrieval technique by immersing slides in various buffer solutions. Optimal results were achieved using citrate buffer (pH 6.0, 10 mM), the use of higher pH buffer solutions rendered inferior immunoreactivity. Immunostaining of melanocytes could be completely blocked by preincubation of C-9 with 10 mg/mL of TRP-2 protein in the primary reagent solution. C-9 showed strong and consistent staining of melanocytes in frozen as well as in paraffin sections (Fig. 1) .
In ELISA analysis, mAb C-9 reactivity was solely detected with TRP-2 protein. No reactivity was seen with Melan-A or tyrosinase. Reactivity was detectable at all tested concentrations of mAb, down to 8 ng/mL. As expected, control antibody mAb A103 was positive for Melan-A and negative for tyrosinase and TRP-2 ( Fig. 2) .
Quantitative RT-PCR analysis of TRP-2 showed the presence of TRP-2 RNA in all tested melanoma cell lines except SK-MEL-128, which remained completely negative. RNA levels of melanoma cell lines varied between approximately twice to 10 times the level measured in skin and were congruent for both tested primer sets (Table 1) . Immunohistochemical analysis of the corresponding cell line pellets showed C-9 staining in all cell lines except SK-Mel-128, which did not reveal any immunopositivity (Fig. 3 ). The levels of RNA corresponded with the protein expression, which showed intense and homogeneous immunostaining in melanoma cell lines with high TRP-2 RNA levels, less intense and heterogeneous immunopositivity in cell lines with lower RNA levels, and missing staining in SK-Mel-128 with undetectable TRP-2 RNA levels ( Fig. 3 ).
In the immunohistochemical analysis, C-9 showed the typical staining pattern of melanocytes in skin. Outside skin, C-9 showed very little immunoreactivity in parenchymal organs. In lung, there was occasional granular staining in the alveolar macrophages ( Fig. 4 ). The actual lung parenchyma was negative. In liver, there was occasional and focal heterogeneous labeling of lipofuscin granules of hepatocytes. However, most hepatocytes and other cellular components remained completely negative. Tissues of other organs, such as kidney, colon, pancreas, fatty tissues, and smooth muscle in various locations, were all negative.
To evaluate the presence of TRP-2 in nonmalignant lesions of the skin, we analyzed 10 compound nevi. C-9 showed homogeneous staining of the dermal as well as the junctional component. We further analyzed C-9 in a variety of malignant melanocytic lesions ( Table 2 ). C-9 was positive in the 16/19 (84%) of 19 primary melanomas. The presence of TRP-2 varied and approximately half of the analyzed cases displayed homogeneous expression, that is, TRP-2 positivity in more than 50% of the tumor area, corresponding to 3+ and 4+ immunostaining of our grading system. In metastatic melanoma, TRP-2 was expressed in 19/33 (58%) of the tested cases. As in primary melanomas, approximately 50% of the positive cases showed homogeneous expression. We also tested 10 melanomas of the anorectal mucosa available, which were all positive for C-9. However, 6 desmoplastic melanomas remained completely negative. Besides the melanocytic lesions, we also studied 9 angiomyolipomas of the kidney. Only 2/9 showed very restricted reactivity with mAb C-9 (Table 2, Figure 4F ). To test for any reactivity of mAb C-9 in other tumors, we analyzed 5 cases each of a series of nonmelanoctyic malignant tumors consisting of lobular breast carcinoma, ductal breast carcinoma, transitional cell carcinoma of the urinary bladder, liposarcoma, and non-small-cell lung cancer. All nonmelanocytic tumors were negative for mAb C-9 ( Fig. 4 ).
DISCUSSION
Malignant melanoma is among the most deadly cancers in humans. For its correct diagnosis as well as treatment, comprehensive understanding of the processes and the components underlying the generation of melanin pigment are mandatory. Melanocyte differentiation antigens are pivotal components in the biology of pigment generation. Based on this role, melanocyte differentiation antigens play an important role in surgical pathology and have emerged as potential vaccine targets for the treatment of melanoma. Serological reagents, such as HMB45 to gp100, A103 to Melan-A, and T311 to tyrosinase, have become household names as diagnostic tools in pathology laboratories. Although its gene was cloned several decades ago, little is known about TRP-2, which is better known by its abbreviated name TRP-2. 17 TRP-2 is the human homolog of the murine slaty locus and part of the tyrosinase complex. The latter is the cellular biological correlate of pigment generation and consists of tyrosinase, tyrosinase-related protein 1 (TRP-1), and TRP-2. 9, 17, 18 As the key enzyme of melanogenesis, mutations with loss of tyrosinase function usually result in albinism, the complete loss of pigmentation. 19 Mutations of TRP-1 and TRP-2, however, induce alterations of pigment such as color changes rather than complete loss indicating their role as modifiers of melanin composition. 9, 19, 20 Controversy about its enzymatic function is reflected by several names, which previously had been assigned to TRP-2, but it was finally renamed dopachrome tautomerase (HGNC symbol: DCT), which describes its function more accurately. [9] [10] [11] 21 Despite its biological role, little attention was paid to TRP-2 considering the extensive expression analysis, which is available for other melanocyte differentiation antigens, such as gp100 and Melan-A. Previous studies focused on singular aspects of TRP-2, such as its presence in melanocyte in skin of different ethnicities, in hair follicles, or the impact of UV radiation on TRP-2 expression. [22] [23] [24] Two of the studies were done on cryosections rather than on archival paraffin material. 22, 24 Only 1 previous report assessed the presence of TRP-2 in a selected number of archival pigmented lesions. 14 All previous analyses used solely polyclonal reagents, which were rabbit derived and provided by a collaborating laboratory or a commercially available goat reagent. 14, [22] [23] [24] Another study addressed the expression of TRP-2 by in situ hybridization. 25 Consequently, we initiated our present study by trying to identify a commercial reagent, which would be widely available. We focused on monoclonal reagents due to their superior specificity, although their use is often hampered by poor reactivity in archival material. After identifying mAb C-9 as a potentially suitable reagent for immunohistochemistry and based on our experience with many commercial reagents, we initiated our study with a specificity analysis. C-9 showed specific reactivity with TRP-2 in ELISA analyses. Because of our interest in a reagent suitable for immunohistochemistry, we also performed a combined histological and molecular analysis of cell lines, which demonstrated a congruent presence of TRP-2 mRNA as well as protein as detected by mAb C-9. For melanocyte differentiation antigens, previous data showed a good correlation between mRNA and protein expression as measured by newly generated monoclonal antibodies. This is illustrated by the generation of serological reagents, such as mAb T311 to tyrosinase and mAbs A103 or M2-7C10 to Melan-A/MART-1, which revealed high congruency between molecular and immunohistochemical data. 15, 16, [26] [27] [28] Interestingly, one of the few previous immunohistochemical studies of TRP-2 using a polyclonal reagent revealed discrepancies between mRNA and protein expression for TRP-2 unlike Melan-A/MART-1, which was analyzed in the same study. 14 Diminished specificity is the inherent trade-off for good sensitivity for polyclonal reagents and polyclonal reagents to TRP-2 seem to be no exception. We completed our initial analysis with a blocking experiment in the setting of an immunohistochemical stain in which a preparation of TRP-2 protein was able to completely abolish C-9 immunoreactivity. After determining the specificity of mAb C-9, we continued the study with analyzing the presence of TRP-2 in normal tissues, as well as in various melanocytic and nonmelanocytic lesions. In normal tissues, there was no major reactivity except occasionally in granules of hepatocytes and macrophages. Granular staining was also present in melanophages, which is seen with other melanocyte markers as well. 29 Awareness of the possible granular labeling of macrophages should be sufficient to prevent false interpretation of C-9 immunoreactivity. In normal skin, there was a consistent labeling of melanocytes as previously described with a polyclonal reagent. 22 In acquired nevi, TRP-2 was expression was similar to tyrosinase and Melan-A with immunopositivity of the junctional as well as dermal cells. 30, 31 No major decrease in immunoreactivity was present in the dermal component, as seen with tyrosinase. 27, 30, [32] [33] [34] Although nevi were previously analyzed with other noncommercial polyclonal reagents, no exact description of the TRP-2 presence in nevocytes was given. 14, 23 In primary cutaneous melanoma, the high percentage (84%) of TRP-2-positive lesions is comparable with the expression of Melan-A, tyrosinase, or gp100. 27, 30, [32] [33] [34] Despite the comparable expression in primary lesions, in metastatic melanoma, the presence of TRP-2 was only found in little more than half of the cases of our study. Several studies have demonstrated that other melanocyte differentiation antigens, such as Melan-A, tyrosinase, and gp100, are present in 80%-90% of metastatic melanomas. 16, 27, 34, 35 Moreover, the present series demonstrated that more than half of the immunopositive lesions showed a heterogeneous TRP-2 expression with less than 50% of tumor cells being C-9 positive. The heterogeneous expression of TRP-2 in metastatic lesion may have important implications as to its potential value as a vaccine target for melanoma immunotherapy. In metastatic melanoma, Melan-A, gp100, and tyrosinase usually display homogeneous antigen expression in a majority of lesions. [34] [35] [36] These antigens have been used as targets in various clinical trials and their homogeneous presence is usually considered a therapeutic advantage in immunotherapy. [37] [38] [39] Despite its heterogeneous expression pattern, TRP-2 was shown to elicit autologous T-cell reponses in melanoma patients and is considered a potential vaccine target. 40 The change of TRP-2 expression pattern in primary versus metastatic sites may be due to the modification of the tumor antigen profile based on the patient's autologous immune response, a process referred to as tumor immunoediting. It was shown that cancer immunoediting can impact and modify the tumor antigen expression profile differently in primary versus metastasis. 41, 42 The high incidence and homogeneity of TRP-2 expression in primary lesions is also present in mucosal melanomas of the anorectal area and resembles the presence of other melanocyte differentiation antigens. 43, 44 Our study included a limited number of desmoplastic melanomas, which can be diagnostically challenging due to their poor expression of melanocyte differentiation antigens. 27, 30, 45, 46 Unfortunately but not unsurprisingly, C-9 did not show any reactivity in this type of tumor. This supports the notion that the biology of desmoplastic melanomas vastly differs from common cutaneous epitheloid melanomas and indicating that C-9 will not be of diagnostic value in this type of neoplasm. 47 Poor reactivity of C-9 was also observed in angiomyolipomas where only 2 of 9 lesions displayed a solely very restricted immunopositivity. Melanocyte differentiation antigens show a peculiar expression pattern in angiomyolipomas/PEComas with a predominance of Melan-A and gp100 and consequently, mAbs HMB45 and A103 have become key tools for their diagnosis. Tyrosinase is usually poorly expressed in this type of lesion, and TRP-2 seems to follow this expression pattern in the present series. Our data support the concept that angiomyolipomas regularly contain structural melanosomal proteins but little or no enzymes of melanogenesis. A variety of other solid tumors, such as breast and colon carcinoma, were negative for mAb C-9.
In conclusion, in this study, we identified mAb C-9, a commercial reagent, which is applicable for the analysis of the expression of TRP-2 in archival material. We demonstrate a high incidence of TRP-2 in primary cutaneous and mucosal melanomas and a lower incidence in metastatic melanoma. Like other melanocyte differentiation antigens, TRP-2 is negative in desmoplastic melanomas. There is little expression in angiomyolipoma. Our study indicates that mAb C-9 is a specific marker for the detection of TRP-2 in surgical pathology or as a typing reagent in potential future clinical trials using TRP-2.
